Purpose: Advanced pancreatic cancer has remained challenging to treat effectively. This study aimed to investigate the clinical effects and safety of immunotherapy with dendritic cells and cytokine-induced killer cells (DC-CIK) administered with the chemotherapy (CT) S-1 in this malignancy.
Introduction
Pancreatic cancer has remained challenging to treat with few patients eligible for resection and median survivals of 6-12 months for those with metastatic diseases, despite use of multiagent chemotherapy (1, 2). New therapeutic modalities that can synergize with existing chemotherapies without increased toxicity are critically needed. One such strategy is immunotherapy combined with well-tolerated chemotherapies.
S-1 (Taiho Pharmaceutical Company), an oral combination of the fluoropyrimidine tegafur, the DPD inhibitor gimeracil, and oteracil potassium, intended to reduce gastrointestinal toxicity of fluorouracil, has shown efficacy in various gastrointestinal malignancies (3) (4) (5) . Phase II studies of S-1 as first-line therapy for metastatic pancreatic cancer resulted in response rates of 21.1% to 37.5% (6) . Monotherapy with S-1 was noninferior to gemcitabine in overall survival with good tolerability (7) . Moreover, in gemcitabine-refractory patients, a phase II study of S-1 reported a response rate (RR) of 15%, a median PFS of 2.0 months, and a median overall survival (OS) of 4.5 months (8) . S-1 thus presents a convenient oral alternative for locally advanced and metastatic pancreatic cancer.
Recently, adoptive cell immunotherapy, delivery of ex vivo activated cellular products such as dendritic, natural killer (NK), or T cells, has garnered more attention as a treatment option for many kinds of malignancies, including advanced pancreatic cancer (9, 10) . Dendritic cells (DC), are potent stimulators of tumor-specific T-cell responses. Cytokineinduced killer (CIK) cells are ex vivo-expanded lymphocytes with a NK/T-cell phenotype (expressing both CD56 and CD3), which mediate non-MHC-restricted cytotoxicity. DC-CIK therapy has become the most widely used cellular immunotherapeutic, largely due to the rapid proliferation of this cell type in vitro as well as its strong antitumor activity against a broad spectrum of solid tumors (11, 12) . Our previous study indicated that DC-CIK infusions activated cellular immune responses and when combined with chemotherapy, improved the clinical outcome of patients with advanced cancer (13) . In the current study, we have prospectively investigated the clinical effects and safety of DC-CIK administered with S-1 for the treatment of patients with advanced pancreatic carcinoma and observed that the combination was associated with a longer progression-free and overall survival compared with either alone or best supportive care.
Patients and Methods

Study design
The study (ClinicalTrials.gov identifier, NCT01781520; https://register.clinicaltrials.gov/) was approved by the Regional Ethical Review Board for Capital Medical University Cancer Center. Patients were treated according to the Declaration of Helsinki's ethical principles for medical research involving human subjects. The trial was performed according to Good Clinical Practice guidelines. All patients provided an informed written consent prior to study entry. Patients were required to meet the following inclusion criteria: age !18 and 80 years; Eastern Cooperative Oncology Group performance status (ECOG-PS; ref. 14) of 0-2; histologically or cytologically confirmed unresectable, locally advanced, or metastatic adenocarcinoma of the pancreas. No prior immunotherapy or chemotherapy for metastatic or locally advanced disease was allowed. Patients were excluded if they had a concurrent malignancy other than pancreatic cancer, a serious, uncontrollable medical condition, or a psychiatric disorder that would limit ability to comply with study requirements. The purpose of this study was to establish the safety of the combination of DC-CIK with S-1. Consecutive patients with advanced pancreatic cancer were offered the study combination and those who chose only monotherapy, chemotherapy, or supportive care were enrolled into parallel control arms.
Generation and assessment of DC-CIKs
CIK cells were prepared as described in our previous studies (15, 16) . Mononuclear cells were harvested from peripheral blood and expanded in vitro with IL2. For the induction of DC-CIKs, peripheral blood mononuclear cells were mobilized by G-CSF. Apheresis was performed using the COBE Spectra cell separator (COBE BCT) until reaching a threshold of CD34 þ cells of !4.5 Â 10 6 /kg. The apheresis product (25-50 mL) was cocultured with IL4, TNFa, and GM-CSF in vitro for 7 days to generate autologous DCs. After meeting lot release criteria, the cultured cells were infused intravenously over 20 minutes.
Treatment scheme
The treatment groups were as follows: DC-CIK plus S1, DC-CIK alone, S-1 alone, and best supportive care. The dose of S-1 was determined according to the body surface area as follows: <1.25 m 2 , 40 mg; 1.25-<1.5 m 2 , 50 mg; and !1.5 m 2 , 60 mg, given twice daily after meals for 14 days followed by a 7-day rest. Cycles were repeated every 21 days. Treatment was continued until disease progression, unacceptable toxic effects, or the withdrawal of consent. In patients who received DC-CIK cell therapy, the DC-CIK cells were infused on days 15, 17, and 19 of 21-day cycles. A median of 7.8 Â 10 9 CIK cells were infused every cycle.
Identification of somatic alterations in APC patients
Plasma samples were collected before initial treatment and three months after initiating the DC-CIK. Next-generation sequencing was performed on peripheral blood cell-free DNA (cfDNA) by a commercial vendor (Geneplus-Beijing Institute, Beijing, China). Targeted sequencing was performed in 28 plasma cell-free DNA (cfDNA), as well as 14 germline DNA. The target region is about 1.1 Mb which include coding exons and selected introns of 1,021 genes with known roles in cancer. About 10 Gb and 2 Gb sequencing data were generated for each cfDNA sample and gDNA sample, respectively. The average coverage of depth was 1,323-fold (706-2,094) for cfDNA samples. Somatic SNVs and InDels were detected using the Mutect 2.0 algorithm (https://software.broadinstitute.org/gatk/ gatkdocs/current/org_broadinstitute_gatk_tools_walkers_can cer_m2_MuTect2.php). Somatic copy number alterations and structure variations were analyzed using local algorithms. In total, 93 SNV mutations and 15 InDels mutations were identified in cfDNA samples.
Target capture and next-generation sequencing
A total of 368 genes were selected from four sources: (i) known oncogenes and tumor suppressor genes; (ii) genes that are targets of agents approved by the FDA or have been assessed in clinical trials; (iii) genes implicated in major cancer-related signaling pathways; (iv) genes identified in the findings of the TCGA network which covers 12 cancer types. The target-capture region was 1.9 Mb in size and designed for all exons from 368 genes. Sequencing libraries were prepared from ctDNA using KAPA DNA Library Preparation Kits (Kapa Biosystems, Inc.), and gDNA sequencing libraries were prepared using the protocols recommended by the Illumina TruSeq DNA Library Preparation Kit. For samples close to the minimum input requirement, additional precapture PCR cycles were performed to generate sufficient PCR product for hybridization.
Follow-up
Following treatment, serum CEA, CA19-9, CA-153, and CA-125 were obtained and abdominal ultrasound was performed in all patients monthly. Abdominal contrast-enhanced CT scans or MRIs were performed every 3 months. Further
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investigations were carried out when clinically indicated or when tumor progression was suspected. OS was defined as the period from the date of first treatment until death. Patients who did not experience an event were censored on the date of last contact. PFS was defined as the period from the date of first treatment until occurrence of an event (progressive disease, death, diagnosis of a second malignant neoplasm), whichever occurred first.
Analysis of the circulating immune response
Peripheral venous blood was obtained from each patient at various time points after DC-CIK infusion. Whole blood (100 mL) was incubated in the dark with primary antibody at 4 C for 15 minutes. Anti-CD3-FITC/anti-CD56-RPE (Dako), anti-CD3-FITC (fluorescein isothiocyanate), anti-CD4-RPE, anti-CD8-RPE, anti-CD45RO, and anti-CD4-FITC/anti-CD25-PE (BD Biosciences) were used. After hemolysis for 10 minutes, samples were centrifuged for 10 minutes at 1,500 rpm at room temperature, and then washed twice in PBS and subjected to flow cytometric analysis. Three-color flow cytometric analysis was performed to determine cell phenotypes using an FC500 (Beckman-Coulter), and CXP analysis software (Beckman-Coulter). Lymphocytes were gated by forward scatter versus side scatter. Analysis was set to collect 5,000 gated events.
Statistical analysis
Continuous variables were expressed as mean AE SD and compared using a two-tailed unpaired Student t test; categorical variables were compared using x 2 or Fisher analysis. Life-table estimates of survival time were calculated according to the Kaplan and Meier methodology (17) . The Greenwood formula was used for the SD. A Cox proportional hazards regression approach (18) was chosen for the evaluation of PFS and OS as the primary endpoint. Potential prognostic variables were analyzed both univariately with one factor taken at a time, and then in a multivariate model combining all factors. Results are reported as HRs and their 95% confidence intervals (CI). A HR > 1 indicated an elevated risk with respect to the reference category. A confidence interval which did not include the value 1 indicated statistical significance at the 5% level. All statistical evaluations were carried out using SPSS software (Statistical Package for the Social Science, version 15.0, SPSS Inc). A value of P < 0.05 was considered to be statistically significant in all the analyses.
Results
Patients' characteristics
Patients were enrolled at the Capital Medical University Cancer Center, Beijing Shijitan Hospital from June 1, 2013 to May 30, 2016. The 47 patients in this study were treated with either DC-CIK cell therapy alone (n ¼ 11), S-1 therapy alone (n ¼ 4), DC-CIK combined with S-1 therapy (n ¼ 25), or best supportive care (n ¼ 7). Characteristics of all patients are detailed in Table 1 . There were no significant differences in relevant baseline characteristics between the treatment groups.
Treatment toxicity
None of the enrolled patients who received DC-CIK and S-1 failed to complete a full course of therapy or were ruled out because of side effects. No severe adverse effects (grade 3 or grade 4) were associated with D-CIK and S-1 therapy, and common grade I-II toxicities consisted of transient fever (17.5%), chills (15%), fatigue (22.5%), headache (7.5%), and anemia (7.5%).
Clinical outcomes
The disease control rate were 0%, 45%, 50% and 80% in Supportive care, DC-CIK, CT, and DC-CIK plus S-1 groups, respectively. There were significant differences among these groups (P ¼ 0.002; Table 1 ).
Survival analysis of patients with APC
For all the patients, the median PFS was 99 days (95% CI, 43-116 days), and the median OS was 143 days (95% CI, 65-268 days). The 6-month PFS and OS rates were 20.9% and 38.7%, respectively. The 6-month PFS for DC-CIK plus CT (41.6%; 95% CI, 27.5%-56.2%) was significantly higher than that in the group of patients who received DC-CIK alone (9.09%; 95% CI, 2.6%-12.7%), CT (0%), and the group with supportive care alone (0%; P < 0.001, Fig. 1A and B) . Meanwhile, the 6-month OS rate of DC-CIK combined with CT (62.2%; 95% CI, 48.7%-78.4%) was significantly higher than that in the DC-CIK (18.2%; 95% CI, 10.7%-25.4%), CT (25%; 95% CI, 12.5%-37.5%), and the group with no therapy (0%; P < 0.001, Fig. 1C  and D) .
Among all patients who received 2 or more cycles of DC-CIK, there was a higher median PFS (143 vs. 92 days for those who received DC-CIK for !2 cycles versus 1 cycle) and 6month PFS rate (37.6% vs. 19.2%; P ¼ 0.030, Fig. 2A ). Moreover, patients who received 2 or more cycles of DC-CIK had a higher median OS (195 vs. 117 days for the group of DC-CIK !2 cycles vs. 1 cycle) and 6-month OS rate from 19.2% to 56.3% (P ¼ 0.011, Fig. 2B ). We performed stratified analysis in the group of patients who received DC-CIK plus S-1. We demonstrated that patients who received DC-CIK for !2 cycles had a significantly longer PFS (Fig. 2C) and OS ( Fig. 2D ) compared with patients who received 1 cycle of DC-CIK cell therapy.
Predictors associated with clinical outcomes
Cox proportional hazards models were then used to quantify the prognostic significance of risk factors after multivariable adjustment. A multivariable analysis was performed to assess the factors that demonstrated significant effects as in univariate analysis. After adjusting for competing risk factors, DC-CIK combined with CT and receipt of 2 or more cycles of DC-CIK treatment remained independent predictors of disease free and overall survival ((HR: 0.583; 95% CI: 0.342-0.877, P ¼ 0.003 and HR: 0.458; 95% CI: 0.335-0.766, P ¼0.001). Number of sites of metastases >1 was associated with adverse prognosis in patients with APC (HR: 1.364; 95% CI: 1.158-1.843, P ¼ 0.041 and HR: 1.441; 95% CI: 1.114-1.935, P ¼ 0.031). The details are shown in Table 2 .
Changing trend of tumor biomarkers among different groups
CEA and CA-199 levels decreased in the greatest percentage of patients in the DC-CIK plus S1 group (P ¼ 0.034 and P ¼ 0.025, respectively, Fig. 3A and C) . The CA-125 and CA-153 showed no significant differences ( Fig. 3B and D) .
Phenotypic analysis of peripheral blood immune cells
Phenotypic analysis of peripheral blood mononuclear cells before the treatment and at the end of the first cycle of therapy demonstrated that the CD3 þ , CD3 þ /CD4 þ and CD8 þ /CD28 þ T-cell subsets were increased after DC-CIK cell therapy (P < 0.05), while the CD3 þ /CD8 þ , CD3 þ /CD16 þ /CD56 þ and CD4 þ /CD25 þ cell subsets were significantly decreased after DC-CIK cell therapy (P < 0.05; Fig. 4 ).
Genomic profile identified of cfDNA in patients with APC
We identified copy number variants (CNV) in 14 of 25 (56%) in plasma samples by analyzing the sequencing data in the patients who received treatment with DC-CIK ( Supplementary  Table S1 ). To determine whether a decrease in cfDNA could reflect treatment response to DC-CIK infusions, we analyzed Progression free survival and overall survival for patients who received DC-CIK cell therapy divided into 1 cycle and 2 or more cycles among different groups. Progression free survival (A) and overall survival (B) for patients in DC-CIK plus S1 group and progression free survival (C) and overall survival (D) for patients in DC-CIK group divided into 1 cycle and 2 or more cycles. Supplementary Fig. S1 ). These data provide the basis for further research on selection of patients who are suitable for receiving DC-CIK.
Discussion
Poor outcomes for pancreatic carcinoma remain a challenge, despite the application of multiagent chemotherapy. Similarly, immunotherapy with vaccines and immune checkpoint blockade has had limited efficacy, in part, due to inadequate effector cell responses (19) . In this study, we combined the oral chemotherapy S-1, which has demonstrated antitumor activity in pancreatic cancer (7) along with DC-CIK immunotherapy, which allows delivery of both DCs with potent capacity for antigen presentation and induction of adaptive immune responses and NK-T-like cells with innate cytotoxic capacity. Although previously there had been concern that chemotherapy would inhibit the immune response, preclinical and clinical data now indicate the feasibility, safety, and immunogenicity of combinations of chemotherapy and immunotherapy in gastrointestinal malignancies including pancreatic cancer (20) (21) (22) (23) (24) (25) (26) . Proposed mechanisms include chemotherapeutic control of tumor growth until immune cells achieve adequate activation, release of tumor antigens for cross presentation by dendritic cells, upregulated expression of tumor-associated antigens, decreases in regulatory T cells or immune inhibitory cytokines such as TGFb, and enhancement of intratumoral accumulation of immune effectors. We observed that combining DC-CIK and S-1 resulted in modulation of the circulating immune effectors and lengthened survival compared with the DC-CIK or chemotherapy alone or best supportive care.
CA199, CA125, CA153, and CEA are routinely used in clinical practice to determine prognosis and monitor therapeutic responses in gastroenterologic cancers. Among these, the most common and best-identified marker for pancreatic cancer is CA19-9 (27) . Previous studies also showed that serum CA125 and CEA are important tumor biomarkers for the early diagnosis of pancreatic cancer (28, 29) . In this study, our results showed that CEA and CA-199 levels decreased in the greatest percentage of patients in the DC-CIK plus S1 group, and was associated with better outcome compared with other groups.
Because tissue available to analyze intratumoral immune responses is often limiting in pancreatic cancer, we analyzed changes in T-cell subsets in the peripheral blood before and after the DC-CIK therapy. The CD3 þ , CD3 þ /CD4 þ and CD8 þ /CD28 þ T-cell subsets were increased after DC-CIK cell therapy, while the CD3 þ /CD8 þ , CD3 þ /CD16 þ /CD56 þ and CD4 þ /CD25 þ cell subsets were significantly decreased. CD28 is involved as the receptor for the second signal of T-cell activation and is a marker for an effector memory population of T cells following adoptive (30) . Interestingly, the CD4 þ CD25 þ which may contain a population of regulatory T cells, was decreased after adoptive transfer of DC-CIK. We have recently demonstrated that DC-CIK immunotherapy could enhance the clonality based on T-cell receptor immune repertoire analysis (31) . Therefore, the combination of S-1 with DC-CIK favorably modulates the immune milieu of the host.
Currently, there is considerable interest in identifying biomarkers that predict immunotherapy response. Bailey and colleagues reported an immunogenic subtype of APC through genomic analyses to select patients who might respond to immunotherapy (32) . The immunogenic subtype included expression profiles related to infiltrating B and T cells, and upregulation of CTLA4 and PD1. In our study, we detected cfDNA in 14 patients before and after treatment with DC-CIK and considered that this may serve as a surrogate for tumor burden (33) . To our knowledge, this was the first study to utilize cfDNA mutation frequency to evaluate the immunotherapy response and as an alternative measurement to measure tumor burden, particularly relevant with cancers such as APC for which tissue samples are often limiting.
Although the clinical activity demonstrated in this study is promising, one potential criticism is that there was no randomization and the results could reflect different patient baseline characteristics; however, it should be noted that, while not statistically different, there were a greater proportion of patients with stage IV and liver metastases in S1 plus DC-CIK immunotherapy group. Although there was a lower percentage of ECOG-PS 2 patients in the DC-CIK group, this was not found to be a prognostic factor on multivariate analysis. We believe that the favorable survival of patients treated with combined chemo/ immunotherapy warrants further testing in a randomized trial using molecular subtype biomarkers to choose patients for enrolment. 
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